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It is known that the perceived duration of visual stimuli is strongly inﬂuenced by speed:
faster moving stimuli appear to last longer.To test whether this is a general property of sen-
sory systems we asked participants to reproduce the duration of visual and tactile gratings,
and visuo-tactile gratings moving at a variable speed (3.5–15cm/s) for three different dura-
tions (400, 600, and 800ms). For both modalities, the apparent duration of the stimulus
increased strongly with stimulus speed, more so for tactile than for visual stimuli. In addi-
tion, visual stimuli were perceived to last approximately 200ms longer than tactile stimuli.
The apparent duration of visuo-tactile stimuli lay between the unimodal estimates, as the
Bayesian account predicts, but the bimodal precision of the reproduction did not show the
theoretical improvement. A cross-modal speed-matching task revealed that visual stimuli
were perceived to move faster than tactile stimuli. To test whether the large difference
in the perceived duration of visual and tactile stimuli resulted from the difference in their
perceived speed, we repeated the time reproduction task with visual and tactile stimuli
matched in apparent speed.This reduced, but did not completely eliminate the difference
in apparent duration.These results show that for both vision and touch, perceived duration
depends on speed, pointing to common strategies of time perception.
Keywords: time perception, multisensory integration, vision, touch, motion
INTRODUCTION
Any sensory experience, regardless of the modality of the
stimulus – visual, auditory, or tactile – is deﬁned within a tempo-
ral interval. Stimuli of different sensory modalities are all mapped
alongthesametemporaldimension,allowingustoordereventsin
timeaswellastojudgetheirrelativeduration.Themostimmediate
and intuitive comprehension of time is therefore that of a univer-
sal dimension that transcends each speciﬁc sensory modality. The
ideathatourbrainisendowedwithauniqueandcentralizedclock
has dominated the research on time perception for many years
(Treisman, 1963; Gibbon et al., 1997). Emerging evidence sug-
gests,however,thattheanalysisof temporalinformationmayhave
modality-speciﬁccomponents(e.g.,GamacheandGrondin,2010)
and may be intimately embedded within local sensory processing.
It has been shown that perceived time can be distorted by means
of local sensory adaptation both in the visual (Johnston et al.,
2006; Burr et al., 2007) and, most recently, in the tactile domain
(Tomassinietal.,2010;Watanabeetal.,2010).Moreover,modality-
speciﬁc temporal distortions have been documented around the
time of saccadic eye movements (Morrone et al., 2005). Multiple
and distributed mechanisms, though likely constrained by simi-
lar computational principles, may thus underlie timing functions
within different sensory modalities.
That no dedicated system exists for perceiving time, at least
in the sub-second range, would also explain the ease with which
many non-temporal, low-level properties of the stimuli – such
as visibility (Terao et al., 2008), size (Xuan et al., 2007), tempo-
ral frequency (Kanai et al., 2006; Khoshnoodi et al., 2008), and
speed (Kaneko and Murakami, 2009) – can alter perceived time.
The strong inﬂuence of stimulus motion on apparent duration
has long been recognized (Lhamon and Goldstone, 1975; Brown,
1995),althoughitsneuralbasesandfunctionalsigniﬁcanceremain
unknown. So far, the relationship between these two perceptual
attributes has been uniquely studied within the visual system,
showing that faster moving stimuli appear to last longer.
This motion-induced temporal illusion is well suited to inves-
tigate the properties of timing mechanisms within and across
sensory modalities. Recent evidence suggests that visual and tac-
tile motion processing share much in common (e.g., Pei et al.,
2011): for example visual and tactile motion are subject to similar
illusions (Harrar and Harris, 2007; Watanabe et al., 2007; Bic-
chi et al., 2008), show cross-modal interactions (Bensmaia et al.,
2006; Craig, 2006; Konkle et al., 2009), multisensory facilitation
(Gori et al., 2011), and seem to have partially overlapping neural
substrates (Hagen et al., 2002; Ricciardi et al., 2004).
One remarkable feature, that has no counterpart in the spa-
tial domain, is that not only do different sensory modalities show
different temporal resolutions (as in space) but they can also pro-
vide different estimates for the temporal properties of sensory
events (Grondin, 2003; van Erp and Werkhoven, 2004). It is well
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known,forexample,thatauditorytonesareperceivedtolastlonger
than visual ﬂashes of the same physical length (Walker and Scott,
1981; Wearden et al., 1998; Harrington et al., 2011). Given the
importanceof accuratetimingformultipleperceptual,motor,and
cognitive functions, a relevant but poorly investigated question is
how the brain deals with these inter-sensory discrepancies in tem-
poral estimates and ultimately provides a combined percept of
event duration.
THE BAYESIAN FRAMEWORK FOR MULTISENSORY INTEGRATION
InrecentyearstheBayesianstatisticalapproachhasbeensuccessful
in providing a quantitative prediction of the effects of inter-
sensory signal combination in many perceptual domains (Ernst
and Banks, 2002; Ernst and Bülthoff, 2004). Optimal Bayesian
integration of multiple sensory signals requires each source of
information to be weighted by its relative reliability so that the
most probable,though sometimes erroneous,perceptual estimate
is obtained with the less uncertainty (see Eqs 1–4 in the Materi-
als and Methods). The so-called “ventriloquist effect” illustrates
clearly how the most precise information, in this case that pro-
vided by vision, drives the ﬁnal percept with the sound being
attracted toward the location of the visual stimulus (just like the
ventriloquist’svoiceseemstocomefromthemouthof thepuppet;
Alais and Burr, 2004). By virtue of its higher spatial acuity, vision
usually dominates audition in the spatial domain; the reverse is
howevertrueinthetemporaldomain.Manycasesshowthataudi-
tory stimuli can strongly inﬂuence the perceived timing of visual
(Shams et al., 2000; Aschersleben and Bertelson, 2003; Morein-
Zamir et al., 2003; Recanzone, 2003) and tactile events (Bresciani
et al.,2005).Although this is in line with what optimal‘’Bayesian”
integration would predict on the basis of the greater temporal
precision of the auditory system,it is not clear whether this model
provides a good quantitative description of the data. While most
studiesreportingauditorydominanceintemporaljudgmentshave
not assessed this issue directly, two recent studies, testing audio–
visual integration in a temporal bisection task (Burr et al., 2009)
and audio–tactile temporal order judgments (Ley et al., 2009),
provide conﬂicting results. Evidence as to whether the Bayesian
cue-combination theory is a good explanatory framework in the
temporal domain, like it is in the spatial domain, remains thus
inconclusive.
In this study we test whether speed-dependency of apparent
duration is a general property of sensory systems. That apparent
duration depends on speed for both vision and touch would sug-
gest that timing mechanisms share common operating principles
across different modalities. Our results show that the duration of
tactile events also depends on speed, pointing to a general princi-
ple. We also studied bimodal visuo-tactile gratings, to investigate
how vision and touch are combined to yield an estimate of dura-
tion. The results show that the two modalities do interact with
each other, but the advantage gained from the bimodal fusion is
quantitatively suboptimal.
MATERIALS AND METHODS
Visual, tactile, and visuo-tactile motion stimuli were provided by
physical wheels (diameter 10.5cm;width 3cm) etched with a cor-
rugated grating of alternating ridges and grooves of equal width,
of spatial frequency 3c/cm (Figure1A). The wheels were spatially
aligned to give the appearance of a common object and dri-
ven at speciﬁc velocities by two independently controlled motors
(Figure 1B). The velocity of the wheels was calibrated by means
of a visual tracking system (NDI Optotrack Certus system),show-
ing only minor deviations (3%) from the ideal constant velocity
stimuli.
Subjects, seated at 57 cm from the stimuli, observed the front
wheel through a small aperture (visual condition) and touched
with their right index ﬁnger the second wheel, concealed from
view (tactile condition). In the bimodal condition participants
observedandtouchedthetwowheelssimultaneously(Figure1C).
Thegratingswereorientedhorizontally(perpendiculartothelong
axis of the ﬁnger) and the direction of the motion could be either
up-to-down(distal-to-proximalrelativetotheﬁnger)ordown-to-
up(proximal-to-distal)dependingonthetrial(alwayscoherentin
the bimodal condition).
Participants were required to reproduce the duration of the
moving stimuli by pressing a button on a keyboard with their left
index ﬁnger after each stimulus presentation. The next stimulus
started 1s after the end of the reproduction phase.
The stimuli were presented for three different durations, 400,
600,and800ms,withspeedvariedbetween3.5,5,7.5,10,12.5,and
15cm/s. Data were collected in separate sessions of 90 trials, with
different durations and speeds intermingled within each session.
FIGURE 1 | Illustration of the stimuli. (A) Physical wheel etched
with a sinewave proﬁle of 3c/cm. (B) Setup with two arms driven at
speciﬁc speeds by independent computer-controlled motors. (C) In
the visual condition subjects observed the front wheel in motion
through a small window; in the tactile condition they touched with
their right index ﬁnger the second wheel occluded to vision by a
shield; in the bimodal condition they observed and touched the two
wheels simultaneously.
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Although this procedure may result in what is called “regression
towardthemean,”reducingtherealeffectof speedonduration,we
chose to randomize both durations and speeds so as to encourage
subjects to attend to the stimuli and avoid stereotyped responses.
Nofeedbackwasprovidedaboutthephysicaldurationof thestim-
uli.Sixsubjects,oneauthorandﬁvenaïvetothegoalsof theexper-
iment, participated in the experiment; each subject completed a
minimumoffoursessionspercondition(visual,tactile,andvisuo-
tactile). Participants did not receive any training. The average and
variance of the reproduced durations across trials were calculated
separatelyforeachsubject,stimulusmodality,duration,andspeed.
The second part of the experiment involved a cross-modal
speed-matching task. The experimental apparatus and stimuli
were the same as described above. Three subjects (one author
and two naïves from the previous group) were asked to judge the
relative speed of two moving stimuli, one visual and the other
tactile, presented in succession in random order for 600ms each.
Thedirectionof themovementwasrandomizedonatrial-by-trial
basis,butwasalwaysthesameforthetwostimuliwithineachtrial.
The speed of one stimulus (the probe) was varied from trial to
trial by means of the QUEST algorithm (Watson and Pelli, 1983)
to generate a psychometric function;the other stimulus (the stan-
dard)hadﬁxedspeed.Twodifferentconditionswereintermingled
within the same experimental session,with the probe being either
tactile or visual. Three separate sessions of 40 trials each (half tri-
als with visual probes and half with tactile probes) were run for
fourdifferentstandardspeeds,3.5,7.5,10,and15cm/s(exceptfor
subject MG who did not complete the 10cm/s condition),chosen
among the speed values used in the time reproduction task. Data
foreachconditionwereﬁttedwithcumulativeGaussianfunctions
estimatedbymeansof themaximumlikelihoodmethod;thepoint
of subjective equality (PSE) and the differential threshold were
derived from the median and SD of the psychometric function,
respectively.SEsforthePSEsandSDswereestimatedbybootstrap.
The PSE indicated the speed of the visual (tactile) probe for
which it was perceived as fast as the tactile (visual) standard. We
thus repeated the time reproduction task (in the same three sub-
jects) with new speed values, determined for each subject and
stimulus modality according to the PSEs found in the cross-
modalspeed-matchingtask,sothatthestimuliforbothmodalities
were matched in perceived speed to those previously used. In the
bimodalcondition,thecross-modalspeed-matchingwasobtained
by using the standard speeds (3.5,5,7.5,10,12.5,and 15cm/s) for
the visual stimuli and appropriately changing the speeds of the
tactile stimuli so as to match the visual speeds. Since PSEs were
known for four of the six standard speeds, the other values were
estimated by interpolation with the best-ﬁtting linear function.
The experiment required about 9h testing for the three subjects
who completed all the conditions and 4h for the other subjects.
The results for the bimodal condition were modeled within
the Bayesian framework (Ernst and Banks, 2002; Alais and Burr,
2004). According to optimal “Bayesian” integration the perceived
duration of the combined visuo-tactile stimuli results from a
weighted sum of the estimates of duration provided separately by
each modality. Assuming that the visual and tactile estimates are
statisticallyindependent,thecombinedestimateofeventduration,
 DVT, is given by the following equation:
 DVT = wV DV + wT DT (1)
where  DV is the visual estimate and  DT the tactile estimate, cal-
culated as the average reproduced duration across trials, for each
stimulus duration and speed. The weights, wV and wT,s u mt o
unity and are inversely related to the variances for vision (σ2
V)and
touch (σ2
T),respectively:
wV =
1/σ2
V
1/σ2
T + 1/σ2
V
(2)
wT =
1/σ2
T
1/σ2
V + 1/σ2
T
(3)
since the variance of the reproduced duration did not change
systematically with stimulus speed, σ2
V and σ2
T were computed
averaging variances across speeds, separately for each duration.
The model predicts that the variance for the combined esti-
mate,σ2
VT, is always less than the unimodal variances,σ2
V and σ2
T,
withthegreatestimprovementinprecision(
√
2)whenσ2
V ∼ = σ2
T :
σ2
VT =
σ2
Vσ2
T
σ2
V + σ2
T
≤ min

σ2
V,σ2
T

(4)
RESULTS
Figure2reportstheindividualreproduceddurationsasafunction
of speed for the 400,600,and 800ms visual (left column) and tac-
tile(rightcolumn)stimuli.Durationreproductionisratherbiased,
so reproduced duration differs from the physical duration of the
stimuli, with considerable variation between subjects. Regardless
of the individual bias in the reproduction, the visual stimuli are
always perceived to last longer (264±40ms on average) than the
tactile stimuli. In most cases, the difference in perceived duration
between visual and tactile stimuli grows with stimulus duration
(Figure 3).
For both modalities apparent duration increases linearly with
log speed. However, the speed-dependency was stronger for the
tactile than for the visual stimuli,as can be observed in Figure4A.
To analyze better the relationship between perceived duration
and speed, data were normalized by dividing them by the repro-
duced duration obtained for the stimuli moving at 7.5cm/s. In
this way we preserved only the information regarding the rela-
tive change in apparent duration, unaffected by systematic biases
in the reproduction. The slopes of the normalized reproduced
duration versus speed functions (calculated by linear regression)
for touch are plotted against the slopes for vision. Tactile slopes
are much greater than the visual slopes as indicated by the points
lyingabovetheequalityline.Arepeated-measuresanalysisof vari-
ance (ANOVA) with two within-subjects factors (modality and
duration) was conducted on the slopes, leading to a signiﬁcant
difference between visual and tactile slopes [main effect of factor
modality; F(1,5)=10.183; p =0.024], but neither to a signiﬁcant
effect of stimulus duration [F(2,10)=1.06; p =0.427], nor to a
signiﬁcant interaction between stimulus modality and duration
[F(2,10)=0.427; p =0.679].
Importantly, the slopes for the visual modality correlate pos-
itively with the slopes for the tactile modality [r =0.584(16),
p(one-tailed)=0.005], suggesting that similar mechanisms are
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FIGURE 2 | Individual reproduced durations as a function of speed for
the visual (left column) and the tactile (right column) stimuli. Different
colors represent different subjects.The black solid lines represent the
best-ﬁtting linear functions for the average reproduced durations.The
results for the 400, 600, and 800ms durations are reported in the upper,
middle, and lower panels, respectively.The dashed lines indicate the actual
physical durations of the stimuli.
driving the time expansion of both visual and tactile stimuli.
Figure 4B shows average results for each stimulus duration in
the visual and tactile conditions. The increasing linear functions
have very similar slopes within each modality, indicating that the
samerelationshipbetweenapparentdurationandspeedappliesto
all stimulus durations, but they are always steeper for the tactile
than for the visual stimuli.
To evaluate the relative contributions of vision and touch to
the ﬁnal combined percept we took advantage of the large dif-
ferences in perceived duration between visual and tactile stimuli
(in some cases up to 400–800ms), leading to two clearly distinct
unimodal duration estimates. We thus employed bimodal stimuli
comprising visual and tactile stimuli moving at the same phys-
ical velocity for the same duration. The results for each subject
a r er e p o r t e di nFigure 5A for the 600ms stimuli (comparable
results were obtained for the other two durations tested; individ-
ualdatanotshown).Inallcasesexceptone,theapparentduration
FIGURE 3 | Difference between the reproduced durations for the visual
and tactile stimuli as a function of stimulus duration.The symbols
represent the individual data and the bars represent the averages across
subjects.
FIGURE4|( A )Tactile slopes plotted against visual slopes.The slopes were
calculated, separately for each subject and condition, from the linear
regression of the normalized reproduced durations (divided by the
reproduced duration obtained for the 7 .5-cm/s moving stimuli) as a function
of speed. Different colors represent different subjects.The vertical and
horizontal dashed lines indicate absence of dependence on speed, the
diagonal shows equal dependence for vision and touch.The arrows show
the averages for the visual (in red) and for the tactile (in green) conditions.
(B) Normalized reproduced durations averaged across subjects are plotted
as a function of speed for the visual (on the left) and tactile (on the right)
stimuli. Different stimulus durations (400, 600, and 800ms) are
represented by different symbols.
of bimodal stimuli lies between the unimodal estimates, as the
Bayesian account predicts. Importantly, only one subject (CZ)
shows a clear improvement in the precision of the reproduction
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FIGURE5|( A )Reproduced durations for the 600ms stimuli, plotted as a
function of speed for all conditions.The results for the subject MG have
been plotted on a different scale to encompass her wider range of duration
estimates. (B) SDs of the reproduction averaged across speeds relative to
the 600ms visual (red bar), tactile (green bar), and bimodal (blue bar) stimuli
and predicted for bimodal stimuli according to the Bayesian model (cyan
bar); results for all subjects.
for the bimodal stimuli as predicted by Eq. 4 (see Materials and
Methods). As shown in Figure 5B, the bimodal SDs for all other
subjects are never better than the best unimodal case, and worse
than what predicted by the model.
To quantify the goodness of model ﬁt, we performed a linear
regression between the bimodal data and the model predictions
(seeEq.1intheMaterialsandMethods)forallsubjects.Wetested
whether the best-ﬁtting linear function is signiﬁcantly different
from the ideal ﬁt (equality line with intercept equal to 0 and slope
equalto1)bylookingatthe95%conﬁdenceintervalsfortheinter-
cept and slope. The duration estimates for the bimodal stimuli do
not deviate signiﬁcantly from the predicted estimates. However,
since the conﬁdence intervals are quite large, the absence of a sig-
niﬁcant difference between the bimodal and predicted estimates
can be afﬁrmed with high uncertainty.
Figure 6 shows results averaged across subjects, separately for
the three durations. As was evident in the single-subject results,
the bimodal duration reproductions fall between the unimodal
reproductions, close to the model predictions. The strong test of
optimal integration is an improvement in thresholds (SDs). The
lowerbargraphsshowaveragenormalizedthresholdsforallcondi-
tions:thevariancesforallspeedsandsubjectswereﬁrstdividedby
FIGURE6|( A )Reproduced durations averaged across subjects, plotted as
a function of speed, separately for the three stimulus durations (400, 600,
and 800ms).The dashed lines indicate the actual physical durations of the
stimuli. (B) Average normalized SDs for all conditions and stimulus
durations.The variances for all speeds and subjects were ﬁrst divided by
the bimodal variance, then summed and square-rooted to yield the SDs.
The dashed lines show the normalized bimodal SDs.
the bimodal variance (to eliminate inter-subject variability), then
summed and square-rooted to yield the thresholds of Figure 6B.
The predicted SDs are signiﬁcantly lower than the bimodal SDs,
indicating suboptimal integration [t(35)=6.3, p <0.0001 for
400ms;t(35)=5.5,p <0.0001for600ms;t(35)=6.5,p <0.0001
for 800ms; two tailed paired t-tests].
Figure 2 shows that not only does the duration of both visual
and tactile stimuli depend on speed, but visual stimuli tend to
be perceived as lasting longer than tactile stimuli. As perceived
duration varies strongly with stimulus speed, the difference in
perceived duration of visual and tactile stimuli could arise from
differences in their perceived speed. To examine this possibility,
we ﬁrst measured relative speed perception between vision and
touch. The cross-modal speed-matching task (see Materials and
Methods for details) revealed that visual stimuli appear to move
faster than tactile stimuli. Visual (red symbols) and tactile (green
symbols) PSEs for the three subjects who completed the task are
plotted in Figure 7A as a function of tactile and visual standard
speeds, respectively. The dashed line indicates equal perceived
speedbetweenvisionandtouch.VisualPSEsliebelowtheequality
line, and tactile above, indicating overestimation of visual speed
relative to tactile speed.
Wethenrepeatedthetimereproductiontaskwithhigherspeeds
for touch and lower speeds for vision (speciﬁed by the PSEs), so
that the new visual and tactile stimuli were matched in perceived
speed to those previously used. Figure 7B reports the results for
visual and tactile stimuli matched in physical (ﬁlled symbols) and
perceived speed (red open symbols match with green ﬁlled sym-
bolsandgreenopensymbolswithredﬁlledsymbols).Afterspeed-
matching, the difference in apparent duration between visual and
tactile stimuli is reduced but not completely eliminated. For two
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FIGURE7|( A )Point of subjective equalities for the visual (in red) and
tactile (in green) stimuli as a function of tactile and visual standard speeds
(3.5, 5, 7 .5, 10, 12.5, 15cm/s), respectively.The dashed line represents the
equality line. (B) Reproduced durations plotted as a function of speed for
the 600ms visual (in red) and tactile (in green) moving stimuli. Filled
symbols represent the results for the visual and tactile stimuli moving at
the same physical speeds (standard speeds). Red open symbols represent
the results for the visual stimuli matched in perceived speed to the tactile
stimuli moving at the standard speeds (ﬁlled green symbols); green open
symbols represent the results for the tactile stimuli matched in perceived
speed to the visual stimuli moving at the standard speeds (ﬁlled red
symbols); results for all subjects.
subjectsoutofthree(CZandMG)perceivedspeedexplainsexactly
half of the difference in perceived duration between vision and
touch, as indicated by the open symbols lying halfway between
the ﬁlled symbols. Subject AS shows an asymmetrical pattern of
results: speed-matching did not affect tactile apparent duration
(green open symbols overlap with green ﬁlled symbols), whereas
it produced a remarkable decrease (more than half of the differ-
encebetweenvisionandtouch)invisualapparentduration.These
ﬁndingsappearquitesurprisingif oneconsidersthestrongspeed-
dependency of tactile apparent duration shown by the same sub-
ject,unlesswehypothesizethatshechangedherresponsecriterion
in the second part of the experiment, shortening all reproduction
times (this would also be consistent with the greater reduction
in perceived duration reported by AS after visual speed-matching
compared with what reported by the other two subjects).
The results for the bimodal speed-matched stimuli (Figure 8)
do not allow us to draw different conclusions with respect to
those already discussed for bimodal stimuli consisting of phys-
ically identical visual and tactile stimuli. Both before and after
speed-matching the results for the subject CZ indicate that vision
and touch are combined in an optimal way to yield an estimate of
event duration, as shown by the good ﬁt of the model. Bimodal
duration estimates and precision of the reproduction deviate lit-
tle from what predicted by optimal integration for the subject
AS, while they are completely inconsistent with the model for the
subject MG.
FIGURE8|( A )Reproduced durations as a function of speed relative to the
600ms stimuli.The green open symbols represent the reproduced
durations for the tactile stimuli moving at the same perceived speed as the
visual stimuli (red ﬁlled symbols). Blue symbols represent the results for
the bimodal stimuli (visuo-tactile speed-matched stimuli) and the cyan
symbols represent the results for the bimodal stimuli predicted according
to Bayesian integration. (B) SDs of the reproduction averaged across
speeds relative to the 600ms visual (red bar), tactile (green bar), and
bimodal (blue bar) stimuli and predicted for bimodal stimuli according to the
Bayesian model (cyan bar); results for all subjects.
DISCUSSION
We used a time reproduction task to measure the apparent dura-
tion of visual, tactile, and visuo-tactile stimuli moving at various
speeds. The study yielded three main results. Firstly,we show that
motion induces temporal dilation in the tactile modality as pre-
viously shown in the visual modality: faster stimuli appear to be
longer. Secondly, visual stimuli appear to last longer and to move
faster than tactile stimuli of the same duration and speed. Thirdly
we model the results with the Bayesian theory of optimal integra-
tion, and ﬁnd an adequate ﬁt for the duration estimates but not
for their precision.
Unlikepriorinvestigationsinvision(Kanaietal.,2006;Kaneko
and Murakami, 2009), our experiment was not designed to eval-
uate the differential role of speed,temporal frequency,and spatial
frequency in time dilation; we did not manipulate the spatial fre-
quency of the stimuli (3c/cm for touch; 3c/deg for vision) and
consequently the temporal frequency and speed always covar-
ied. We found that also for the tactile modality, apparent dura-
tion increases with increasing speed (and temporal frequency,
in agreement with Khoshnoodi et al., 2008). Speed-dependency
for touch is stronger than for vision. This might be explained
by the different spatial and temporal tuning properties of the
two sensory systems, which determine a different sensitivity to
stimulus motion in the range of speeds considered. The max-
imum speed tested (15cm/s, 45Hz) is actually quite low com-
pared with the high temporal resolution (up to 400Hz) of the
tactile system, while it approaches the upper limit of sensitiv-
ity for visual motion. This may account for the more rapid
saturation of the effect in the visual modality, reﬂected in the
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lower slopes of the increasing linear functions describing speed
dependence.
The functional architectures of early visual and tactile sen-
sory processing show several important similarities. Although
the two systems have different temporal resolutions, both are
equipped with low-pass and band-pass temporal channels that
yield sustained and transient neural responses. Several lines of
evidenceindicatethatmotionprocessingalsosharessimilarprop-
erties and possibly common neural substrates between vision and
touch (Konkle et al., 2009; Gori et al., 2011; Pei et al., 2011).
Recently, compelling evidence has linked the encoding of dura-
tion in the sub-second range to the early sensory machinery for
temporal analysis. It has been shown that perceived time can
be locally altered by means of visual motion (or ﬂicker) adap-
tation (Johnston et al., 2006; Burr et al., 2007) and the same
result has been also extended to the tactile modality (Watan-
abe et al., 2010). Here we report that time dilation induced by
motion is a common ﬁnding across vision and touch. All this ﬁts
well with the suggestion that timing functions may be realized by
multiple, modality-speciﬁc mechanisms, operating according to
similar computational principles and rooted in the early sensory
function.
Vision and touch yield different duration reproductions for
stimuli moving at the same physical speed, with tactile reproduc-
tions being in general slightly more accurate (closer to the actual
physical duration) and precise (showing less inter-trial variabil-
ity) than visual reproductions. As visual stimuli appear to last
longer than tactile stimuli (∼200ms), we tested whether this
inter-sensory difference in perceived duration could result from
differences in perceived speed. The cross-modal speed-matching
task revealed that visual stimuli are perceived to move faster than
the tactile stimuli, but this does not explain entirely the differ-
ence in perceived duration, which persists, although to a lesser
extent, after the stimuli are matched in perceived speed. That the
apparent duration may change depending on stimulus modal-
ity is not a new ﬁnding in the timing literature (Goldstone and
Lhamon, 1974; Walker and Scott, 1981). Differences in apparent
duration have been previously reported for auditory and visual
stimuliandgenerallyinterpretedwithinthe“internalclocktheory”
as modality-speciﬁc differences in the pulse rate of the pacemaker
(e.g.,Weardenetal.,2006).Thedifferencethatweobservebetween
vision and touch increases proportionally with stimulus duration,
rulingoutexplanationsbasedoneffectsatonsetandoffset(Penney
et al.,2000; Burle and Casini, 2001).
Thereasonsforthesemodalityeffectsintheperceptionofdura-
tionarenotclearatpresent,butcertainlyposetheproblemof how
the brain handles inter-sensory conﬂicts when multimodal events
have to be timed. We tried to tackle this issue examining dura-
tion reproduction for bimodal visuo-tactile stimuli. The results
show that both vision and touch contribute to the ﬁnal dura-
tion percept, as indicated by the bimodal estimates lying between
the unimodal estimates. The bimodal durations were statistically
indistinguishable from the quantitative predictions of optimal
fusion (weighted average of the unimodal estimates). However,
the bimodal precision was far from being“optimal,” not showing
the theoretical improvement. One reason for the lack of improve-
ment in thresholds may be that our experimental design involved
temporal reproduction, and a full model would have to consider
that the reproduction task might have introduced its own noise,
andthiswouldaffectthepredictions.Ineffect,asthisnoiseoccurs
after the fusion of visual and tactile signals, it would add to all
threshold estimates, and dilute any advantage that may have been
gained from the bimodal fusion.
The encoding of duration cannot rely on speciﬁc sense organs,
norseemstobesubservedbyaspeciﬁcallydedicatedpathway.Our
sense of time is continuously subject to numerous distortions (for
areviewseeEagleman,2008),probablyreﬂectingthefactthattime
analysis is interconnected with the processing of other contents of
the external world, suggesting that this inherent plasticity of the
systemisfunctionallymorerelevantthanhavingastableandexact
metric of time.
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